The performance of vertical cavity surface emitting lasers can be enhanced, while simplifying the fabrication process, by adopting a hybrid design using a photonic-crystal (PhC) top mirror. In this paper, we analyze the performance of photonic-crystal surface emitting lasers (PCSELs) by varying the number of periods in the PhC mirror and estimating its reflectivity and lateral radiation losses. We consider three types of PhC mirrors: a simply periodic structure, a structure with a constant period but a variable filling factor (FF), and a structure with a constant FF but a variable period. We show that lateral losses can pose a serious limitation on the minimum size required to achieve an efficient PCSEL operation. We also show that our special structure can convert vertically emitted light into an in-plane light that propagates in the same plane as the PhC mirror creating the possibility of coupling vertically emitted light into optical waveguides.
INTRODUCTION
The photonic-crystal surface emitting laser (PCSEL) is a hybrid vertical cavity surface emitting laser (VCSEL) with a photonic crystal (PhC) acting as the top mirror. VCSELs emit light in a Gaussian beam vertically from the surface and offer significant advantages compared to edge-emitting lasers [1] . More importantly, a hybrid VCSEL which uses a PhC mirror is easier to fabricate using standard microelectronic methods and can be easily integrated with other components without any prepackaging. Generally, VCSELs operate with low threshold currents enabling the possibility of integrating them in two-dimensional (2D) high-density arrays to increase the output power [2, 3] .
PhCs are structures with periodic dielectric distributions that forbid the propagation of light over a limited wavelength range. The forbidden wavelengths of the PhC form a frequency band known as the photonic bandgap (PBG) in which light will only propagate in certain directions depending on the spatial axes of the PhC [4] . The ability to design PhCs with different PBGs have been used to engineer the light propagation in many different ways [5, 6] . For example, the PBGs in the PhC can be used to confine light in a sub-wavelength region, thus, offering the possibility of fabricating compact integrated optical devices [5] [6] [7] [8] [9] [10] .
In PCSELs, vertically propagating light can couple to the guided modes of the PhC [11] and escape laterally leading to lateral losses. The existence of lateral losses in the PCSEL is detrimental to its operation and can severely reduce its performance. However, under certain circumstances, the conversion of vertically propagating light into in-plane light may be useful for optical interconnect applications. For example, lateral radiation can be coupled to a waveguide located in the plane of the PhC membrane. The waveguide will then carry the signal from the PCSEL to other points of the optical integrated circuit providing a useful component for applications such as the optical multicast bus [12] .
Recently, simple periodic one-dimensional (1D) PhC membranes with high reflectivity over a wide wavelength range have been reported and comprehensively analyzed in [13] [14] [15] [16] [17] . Compared with simple periodic mirrors, 1D PhC mirrors with a variable filling factor (FF) or period (non-uniform PhC mirrors) exhibit enhanced reflectivity [16] and can be used to improve the performance of PCSELs. In this paper, we extend the reflectivity analysis of simple periodic 1D PhC membranes to structures with either a variable period or variable FF and study the influence of reflectivity on the laser characteristics.
The analytical calculations of VCSEL properties, such as the threshold current, lasing mode profile, and output power, are important in designing optoelectronic systems incorporating VCSELs [18] . In order to illustrate different properties, a variety of theoretical models for VCSEL have been proposed in literature [19] [20] [21] [22] .
Most of the models proposed, as that in [19, 20] , are not suitable for dynamic simulations due to numerical complexity. Models that are based on spatially independent rate equations, similar to that in [22] , do not consider effects such as spatial hole burning (SHB), which is known to influence the laser dynamics of the VCSEL. To analyze the VCSEL, we use the model proposed in [23] , which includes SHB, mode competition [18] , modulation response [24] , and external reflections [25] . In order to optimize the performance of the PCSEL, we calculate and compare the threshold currents and output powers of VCSELs with different PhC mirrors.
This paper is organized as follows.
In Section 2, we analyze the PhC mirrors considered in the paper and briefly discuss the configuration of the PCSEL. In Subsections 2.A-2.C, the reflectivity and lateral losses of three types of PhC mirrors are analyzed: a simple periodic structure, a structure with a constant period but a variable FF, and a structure with a constant FF but a variable period. In Subsection 2.D, we discuss the impact of fabrication tolerances on the device performance. Thereafter, a mathematical model of the PCSEL is presented in Section 3. In Subsection 3.A, we discuss the properties of the model considered and parameters used in the calculations. In Subsection 3.B, the threshold currents for VCSELs with different PhC mirrors, obtained through steady-state solutions of the mathematical model, are compared. Section 4 summarizes the results and concludes the paper.
PCSEL MODEL AND CHARACTERIZATION OF PhC MEMBRANE
It is well known that PhCs can be used efficiently to control the propagation of light. An ideal control of light propagation can be achieved using complete PBGs in three-dimensional (3D) PhCs, where the dielectric distribution varies along three spatial directions [26] .
Compared to different methods used to fabricate 1D and 2D PhCs, 3D PhC fabrication technology is not wellestablished [15, [27] [28] [29] . Therefore, many researchers have been trying to use 1D and 2D PhC slab waveguides and exploit the refractive index variation perpendicular to the slab to create PhC membranes for optical applications [15, 27, 29] .
The cross sections of the three types of PhC mirrors used in this paper are shown in Fig. 1 . The 1D PhC mirror is either a simple periodic structure (type A), as shown in Fig. 1(a) , or a structure with either a constant period but a variable FF (type B), as shown in Fig. 1(b) , or a structure with a constant FF but with a variable period (type C), as shown in Fig. 1(c) . In these 1D PhC mirrors, the FF is the ratio between the area of the air region and the area occupied by the periodic elementary cell.
In this paper, our choice of type A, type B, and type C mirrors is determined by the FF, period ͑⌳͒, and distance from the center of the PhC ͑d͒. In type A PhCs, both the ⌳ and FF are fixed along the structure. In type B PhCs, ⌳ is always constant, while the FF is constant for d Ͻ 3⌳. For d Ͼ 3⌳ in type B PhCs, the FF increases (or decreases) by 5% as d is increased by one period. In type C PhCs, the FF is always constant, while ⌳ is constant for d Ͻ 3⌳. For d Ͼ 3⌳, ⌳ increases (or decreases) by 100 nm as d is increased by one period.
A schematic of the PCSEL cross section is shown in Fig. 2 . In this paper, we assume that the PCSEL consists of a 1D PhC mirror of thickness h 1 , air spacing layer of thickness h 2 , active layer of thickness h 3 , and a Bragg reflector in the substrate. We assume three quantum wells in the active layer and four pairs of quarter wavelength alternating layers in the Bragg reflector.
In this paper, we consider InP as the main material used to create the PCSEL; thus, the 1D PhC mirror consists of InP regions separated by air. We assume that the active layer is formed by embedding three unstrained In 0.53 Ga 0. 47 As quantum wells in InP. For simulations, we assume a Bragg reflector with InP/air layers which exhibits a very high reflectivity with few pairs of layers [30] [31] [32] . In the actual fabrication of the PCSEL, one could use suitable material composites/combinations and number of layers for the Bragg reflector, as long as it provides a reflectivity higher than 99.9%. The Bragg reflectors created with InP/InGaAsP layers require more than 40 pairs to achieve a high reflectivity, while the reflectors created with InP/AlInGaAs layers require about 25-30 pairs [33] .
The present article examines the properties of new classes of PhC vertical emitting lasers which might be useful as compact light sources in future applications. Depending on the intended operating wavelength of the de- vice, structural dimensions can be calculated and appropriate material combinations selected for the fabrication of the devices. The PCSELs studied here could be fabricated by using electron beam lithography and reactive ion etching systems or even deep ultraviolet lithographic systems followed by reactive ion etching. In general, the air layers are produced by the removal of sacrificial layers by using chemical etchants.
We assume that h 1 = 284 nm, while h 3 has a thickness of half wavelength and h 2 is varied to match the lasing frequency with the resonance of the PhC membrane. The PCSEL is assumed to be symmetric with respect to the z-axis positioned at the center of the PhC.
A. Type A PhC Mirror
In this subsection, we discuss the reflective properties of type A PhC mirrors. The type A mirror is a simple periodic 1D PhC [see Fig. 1(a) ] where the period and FF remain constant throughout the structure. The reflectivity of the mirror is calculated using finite difference time domain (FDTD) simulations [34] where the simulation region has been terminated with perfectly matched layers (PMLs).
The PhC membrane needs a few periods to create a mirror; thus, we started with a type A mirror with seven periods. In order to operate close to free-space wavelength = 1550 nm, and to have a high reflectivity over a wide wavelength range, we have chosen ⌳ = 1.32 m and FF= 65% [13] .
As discussed in [15] , 1D PhC mirrors are polarization sensitive; hence, they are good mirrors only for TM modes (electric field parallel to the grating slots). In TE modes, the reflectivity bandwidth is considerably narrower and the coupling between the incident wave and TE modes is considerably weaker. Therefore the lasing mode is assumed to be TM with the main electric field parallel to the grating slots. Figure 3 shows the band diagram for the 1D PhC, which has been calculated using the commercially available software BandSolve [35] .
Typical reflectivity spectra for mirrors are shown in Fig. 4(a) . The dashed curve corresponds to a membrane with seven periods, while the solid curve corresponds to a structure with 27 periods. If the number of periods is less than seven, the reflectivity of the PhC membrane will be very low with a maximum reflectivity less than 0.75 for Ͻ2 m. On the other hand, if the number of periods increases, the peak reflectivity increases and the dip close to =2 m in the reflectance spectrum starts to reduce. The maximum reflectivity peak moves from 1.605 to = 1.527 m as the number of periods increases and it tends to = 1.527 m when the number of periods is greater than 21. Figure 4 (b) shows the reflectivity as a function of the number of periods at Ϸ 1.53 m. If the reflectivity is required to be higher than 98% for a VCSEL to operate efficiently, then the PhC mirror should have more than 19 periods.
The type A PhC membrane can be modeled by using the coupled mode theory, as explained in [13] . In this model, it is necessary to evaluate two parameters: the coupling time constant c and the in-plane lateral loss time constant g . The full width at half-maximum (FWHM) linewidth ͑⌬͒ of the PhC reflectivity spectra can be expressed using time constants as in [13] ,
where p is the maximum reflectivity peak wavelength measured in free-space and c is the speed of light in freespace. The time constant g can be expressed as [13] 
where D is the diameter of the area occupied by the PhC mirror and p a is given by [13, 36] 
͑3͒
Based on the band diagram in Fig. 3 , it is possible to estimate p a = 18.2 m 2 /s. g will depend on D as expected; hence, the lateral losses will depend on the number of periods of the PhC mirror. Based on the reflectivity spectra, we can estimate ⌬ and consequently determine c . As explained in [13] , if c Ӷ g , photons will prefer to escape vertically rather than laterally. However, this criterion is subjective and results based upon FDTD simulations can provide a better understanding. In order to assess the optical losses as a function of the number of periods of the PhC, we place a source with a Gaussian waveform in the active layer [13, [37] [38] [39] . Initially a small spot-size diameter for the source ͑ s ͒ was used to determine the electric field distribution of the eigenmode in the PhC. After determining this eigenmode for the PhC, we use this information to determine the value of s which mostly resembles this eigenmode. This value is later used to determine the reflectivities of the PhC mirrors and to assess the performance of the VCSEL. We note that the reflectivity is small for small values of s and increases as s increases. When s is close to its optimum value the reflectivity starts to saturate. When s is greater than the lateral dimensions of the PhC, the reflectivity decreases.
Using the optimum value of s , the light emitted along different directions is calculated using the FDTD scheme, by comparing power that escapes laterally with respect to the total input power. We place power monitors above the PhC mirror and below the Bragg stack, and both to the left and to the right of the PhC mirror. The Bragg stack has very high reflectivity (more than 99.96%), so most of the emitted power will either escape in the upward direction or laterally.
Figure 4(b) shows the lateral losses per side as a percentage of input power that escapes from each lateral direction, either +x or −x, away from the PhC region. As mentioned previously, these losses are generated by the coupling of light from radiation fields (propagating vertically) into guided modes (propagating in the x-y plane). Because of the symmetry of this PhC mirror, the amount of power that escapes in the +x direction is equal to the amount of power that escapes in the −x direction. For example, if the PhC mirror has seven periods, 20% of the incident power escapes in the +x direction, while another 20% escapes in the −x direction, while nearly 60% of the emitted power escapes vertically. Figure 4 (b) illustrates the dependency of the lateral losses on the number of periods of the structure: the larger the number of periods, the smaller the coupling will be of the light laterally. This can be expected by the fact that if the structure is very large, photons will prefer to escape vertically than to propagate in-plane. In other words, in type A structures, the lateral losses will be small for very long or infinite PhC mirrors. Hence, if we desire to work with low lateral losses and high reflectivity, we should have a PhC mirror with more than 21 periods.
B. Type B PhC Mirror
In this subsection, we discuss the reflective properties of type B PhC mirrors. As explained in Section 2, in type B structures, ⌳ is always constant, but the FF changes if d Ͼ 3⌳ [see Fig. 1(b) ]. Hence, a type B structure with seven periods is equal to a type A structure with the same number of periods, but as the number of periods increases, the difference between type A and type B structures differs considerably. The initial value of FF is 65% (for d Ͻ 3⌳) and reduces by 5% as d is incremented by one period until it reaches 0%.
Figure 5(a) shows the reflectivity spectra for 7 periods (solid curve with square markers), 13 periods (solid curve), and 33 periods (dashed curve) as a function of the wavelength. It can be noted that the reflectivity at the shortest wavelength peak initially increases and then decreases to about 93% and remains at this value despite increasing the number of periods in the PhC mirror [see Fig. 5(b) ]. This suggests that, after reaching a reflectivity saturation value, the addition of more periods has no major effect on the reflectivity since these new periods have FFs which are away from its optimum value (65%) and do not effectively contribute to the reflectivity. However, the reflectivity at the dip close to =2 m increases with the number of periods and the overall linewidth increases too. It can be observed in Fig. 5(b) that the power losses per side decrease faster with the number of periods partially because the reflectivity saturates at a value of 95%, which may not be very useful for VCSEL devices.
Instead of reducing the FF, we can increase it with d. In this case, the FF is increased by 5% as d increases by one period. Typical reflectivity spectra for these structures are shown in Fig. 6(a) . The solid curve with square markers, solid curve, and dashed curve show the reflectivity as a function of the wavelength for structures with 7 periods, 11 periods, and 19 periods, respectively. If we compare these plots with those in Fig. 5(a) , the reflectivity spectra are flatter than in previous cases and the dip reflectivity is quickly reduced as the number of periods increases. The peak reflectivity (at around = 1540 nm) is shown in Fig. 6(b) ; it initially increases with the number of periods, reaches a maximum for a structure with 11 periods, and then saturates to approximately 95% reflectivity. As explained previously, if the FF is further away from its optimum value, the additional periods will not significantly contribute to the improvement of the reflectivity. The lateral losses on each lateral direction reduce with the number of periods and after 11 periods, the loss is very low and almost constant. One possible explanation for this behavior is that if we reduce the FF with the period, g will also be reduced and hence the difference between g and c will not be very large and light can escape laterally.
In order to have a better understanding of the effects of changing FF, we have calculated g and c as a function of the FF (for the FF changing from 45% to 85%) for type B structures. The results are shown in Fig. 7(a) for structures with 13 periods and a period of 1.32 m. As it can be observed in Fig. 7(a) , when FF= 65%, we have the maximum value of g and the minimum value of c .We have also calculated the minimum and maximum wavelengths which provide reflectivities over 98%. This is shown in Fig. 7(b) , where the wavelengths in the region between these two curves have reflectivities higher than 98% for a given FF. In the case of FF= 65%, we have the largest bandwidth in which the reflectivity is over 98%.
C. Type C PhC Mirror
The reflective properties of type C structures are discussed in this subsection. In type C structures, the FF remains constant but the period is changed if d Ͼ 3⌳ [see Fig. 1(c) ].
The period of the type C structure increases by 100 nm as d is increased by one period. Figure 8(a) shows reflectivity spectra as a function of the wavelength for 7 periods (solid curve with square markers), 9 periods (solid curve), and 23 (dashed curve) periods. The reflectivity spectrum broadens with the increment of the number of periods, but there is a reduction in the reflectivity near the peak at = 1540 nm. This can be clearly seen in Fig. 8(b) : the reflectivity initially increases with the number of periods, reaches a maximum (with nine periods), then decreases again with a few oscillations. Apparently, the reflectivity is reduced because more and more power is being coupled into the lateral directions. In fact, when the number of periods is about 21, about 25% of the light is injected on the lateral sides of the device [see the curve in Fig. 8(b) ]. This might be very useful for converting out-of-plane light into in-plane guided light; i.e., this device might be useful to fabricate VCSEL devices which emit light mostly in-plane instead of emitting it vertically. This coupling of light in the in-plane direction can be clearly observed in Fig. 9 . Now, if we further examine Fig. 8(b) , it reaches a maximum in terms of lateral injection of light then it drops again when the number of periods is increased. This is explained by the fact that the reflectivity also drops with the increase in the number of periods and hence photons will also be able to escape vertically and there will be a competition between the light escaping vertically and laterally. Now instead of increasing the period with d (for d Ͼ 3⌳), it could be decreased by 100 nm as d is incremented by one period. Figure 10 shows the reflectivity spectra for 7 periods (solid curves with square markers), 11 periods (solid curve), and 29 periods (dotted curve). Apparently the reflectivity bandwidth decreases with the number of periods, but the reflectivity at the dip (at about = 2000 nm) increases with the number of periods and the reflectivity spectra become flatter as the number of periods increases. The peak reflectivity at about = 1540 nm reaches a maximum of 98% (11 periods) and then saturates at about 95% for a larger number of periods [see Fig. 11(a) ]. Figure 11(b) shows the lateral losses as a function of the number of periods: it changes slowly until the number of periods reaches 13, but then decreases rapidly.
In order to examine the effects of changing the period, we have calculated g and c as a function of the period changing from 1056 to 1584 nm. The results are shown in Fig. 12 for structures with 19 periods and FF= 65%. As it can be observed in Fig. 7(a) , when the period is 1320 nm, we have the maximum value of g and the minimum value of c . We also calculate the minimum and maximum wavelengths which provide reflectivities over 98%. In Fig.   13 , the wavelengths in the region between these two curves have reflectivities higher than 98% for a given period. In the case of ⌳ = 1320 nm, we have the largest bandwidth in which the reflectivity is over 98%. Note that the thickness of the PhC has not been changed; otherwise, the bandwidth which produced a reflectivity over 98% would not be changed with a change in the period.
D. PhC Mirrors with Random Variations in Size
During the actual fabrication of the device using standard fabrication methods, the dimensions of the structure can deviate less than 10% from the specifications. Typical electron beam lithography systems have resolutions better than Ϯ20 nm but further variations in the dimensions can be introduced by the imperfect etching of the device. These deviations of less than 10% of parameters are very conservative and, in practice, we may expect lesser variation in the dimensions. In order to simulate the random size variations caused by the actual fabrication process, we assume a random Gaussian variation of the dimensions of the PhC.
The type C PhC with 11 periods and decreasing period, and type B PhC with 11 periods and increasing FF, with a random variation of size was considered to calculate the maximum reflectivity and the wavelength. The effects of changes in the range of 5% show improvements in the field localization but do not influence the peak reflectivity of the structure considerably. As shown in [40] , a 10% variation can lead to a variation in reflection or resonance frequency variation of about 1% or 2%. Although the expected variation in peak reflectivity is very small, since the performance of the laser is sensitive to the PhC mir- ror reflectivity, a small change in the order of 0.01 or 0.02 could degrade the PCSEL performance as will be shown in Section 3 of the paper. Figures 14 and 15 show the reflectivity spectra for the type B PhC mirror with increasing FF and the type C PhC mirror with decreasing period, respectively. A random Gaussian variation for the PhC size was considered with a maximum variation of 15% (solid curve with square markers) and 5% (solid curve) for both types of mirrors, although it can be clearly observed from Figs. 14 and 15 that there is no considerable frequency shift due to the dimension variations. Compared with Fig. 6(b) , in the type B mirror the peak reflectivity has increased by 0.004, with 5% changes and reduced by 0.005 with 15% dimension variations. Similarly, compared with Fig. 10 , the peak reflectivity of the type C mirror has changed Ϯ0.005 with 15% dimensions change (small variations).
The effects of the variation in peak reflectivity of the PhC mirror, caused by fabrication tolerances, on the PCSEL performance are shown in Fig. 21 below and will be discussed at the end of Section 3 of the paper. The previous analysis has given a sufficient understanding about PCSEL structures when gain is absent. In the next section, we examine the behavior of these devices when gain is present.
STEADY-STATE ANALYSIS OF A FEW SELECTED PCSEL DEVICES
Typical rate equation models for the VCSEL can be used to analyze the performance of the PCSEL. As described in Section 2, the PCSEL performance is mainly dependent on the reflectivity of the PhC top mirror. Therefore the reflectivities of PhC mirrors of type A, type B, and type C can be varied in the rate equations to assess the PCSEL performance with each type of PhC mirror.
A. The Model
For the analysis of the PCSEL presented in this paper, we use the model proposed in [23] . This model has been used by a number of research groups [41, 42] and has been validated by comparing with the experimental results [42] . In the model considered, effects such as current spreading, SHB, mode competition [18] , modulation response [24] , mode partition noise [43] , polarization dynamics [44] , harmonic distortions [45] , and external reflections [25] have been included.
The model consists of two coupled non-linear differential equations for the carrier density and photon density in the cavity, which are coupled through stimulated gain and spontaneous emission terms [23] . The carrier diffusion is introduced to the model by adding D N ٌ 2 N m ͑ , , t͒ to the carrier rate equation created by multiplying the Laplacian of the carrier density and the ambipolar diffusion coefficient ͑D N ͒. Fig. 15 . Reflectivity spectra for type C PhC mirror (decreasing periods) with 11 periods. Size of the PhC has a random Gaussian variation: solid curve with square markers represents 5% of maximum size variation and the solid curve represents maximum size variation of 15%.
A cylindrical coordinate system has been used for the analysis due to the shape of the structure. The carrier, photon, and current densities can be written as spaceand time-dependent distributions using cylindrical coordinates ignoring the z dependency: carrier density, N m ͑ , , t͒, photon density in the active region, S m ͑ , , t͒ = S m ͑t͉͒͑ , , t͉͒ 2 , and current density, j͑ , , t͒. The normalized field amplitude distribution of the mth mode is represented by ͑ , , t͒ [23] . Other parameters and their values used in Eqs. (4)- (6) are listed in Table 1 .
The relationship between N m and S m inside the cavity can be written as
In Eqs. (4) and (5) G m ͑ , , t͒ is the local modal gain of the mth mode. It can be approximated as a linear function of the carrier density
The optical power versus current characteristics (LIcharacteristics) of the laser for a given current setting can be obtained from the time-domain solutions of Eqs. (4)-(6), which require integrating the time-domain solution for a current setting until it reaches steady state. The coupled rate equations can be solved as outlined in [23] . This solution method required to be repeated for every current setting. A repetitive calculation for current settings makes it computationally inefficient. However, since no major assumptions have been used the accuracy of the results is not compromised.
The photon lifetime S can be calculated using group velocity and cavity losses,
where ␣ int =40 cm −1 is the internal power loss. The mirror loss, ␣ mirror , can be expressed using the reflectivity of the mirror ͑r PhC ͒, Bragg stack ͑r Bragg ͒, and the effective height of the cavity h eff ,
The reflectivity of the PhC mirror ͑r PhC ͒ can be obtained using FDTD simulations. The reflectivity of the Bragg stack and the equivalent thickness ͑h Bragg ͒ can be calculated using the formulas given in [46] [47] [48] . In general, the reflectivity of the Bragg stack is very high. In the PCSEL considered here, r Bragg = 0.9996.
The gain of the active layer is provided by three unstrained In 0.53 Ga 0.47 As quantum wells. For calculations it is considered that the thickness of the quantum well is 8 nm. The quantum wells are separated by InGaAsP barriers. More details of designing the Bragg stack can be found in [30] [31] [32] [33] 46, 47] .
The total effective thickness of the device ͑h eff ͒ is given by the sum of h 1 + h 2 + h 3 + h Bragg , while the volume of the active region is given by
where we assume that the PCSEL has a cylindrical cross sectional area with diameter D͑=2R͒. The thickness of the active region is different from the thickness of the optical mode as explained in [46] . In the device presented in this paper it is assumed that the quantum wells are separated by 12 nm barrier layers and there are two 8 nm quantum wells. Therefore the effective thickness of the active region, h a , is 58 nm. The confinement factor ⌫ xy can be obtained by FDTD simulations, while ⌫ z is given by [49] 
where ⌫ m is the relative optical confinement factor as defined in [49] . If the thickness of the quantum well is much smaller than h eff , then ⌫ m Ϸ 2. The power emitted vertically (upward direction) is given by [49] 
where p is the wavelength of the main resonance of the PCSEL device, F 1 is the effective amount of power emitted, that is emitted upward, and V p = V a / ͑⌫ xy ⌫ z ͒. We also assume that the current circulates through the whole area of the PhC reflector and that the Bragg layers are well designed in such a way to reduce their series resistance. We assume that the current will be injected only in the area occupied by the PhC reflector.
B. PCSEL Steady-State Analysis
The reflectivity of mirrors used in the PCSEL device greatly influences its performances. As shown in [50] , if the reflectivity is lower than 98%, the PCSEL device will be inefficient. Using the model outlined in the article, we study the performance of the PCSEL with different types of PhC mirrors presented in the paper (type A, type B, and type C). For all the types of PhC mirrors, the reflectivity is the parameter that influences the performance of the PCSEL most. For the steady-state analysis of this paper, we use the model given in [41] with necessary alterations and appropriate parameters. We will restrict our analysis to the situation in which the injection current is not modulated; i.e., a dc current is injected into the laser. Figure 16 shows the LI-characteristics of a PCSEL with the type B PhC mirror with decreasing FF for 13 periods, which has a high reflectivity ͑r PhC Ӎ 0.996͒. As shown in the figure, the threshold current of the device is around 2 mA. This could be mainly due to the high reflectivity used for calculations. The solid curve represents the total power (sum of all the modes and polarizations) emitted vertically. The dashed and dotted curves represent the lasing modes (TEM12 and TEM41) of the PCSEL, which are higher order modes. The main reason for lasing of the higher order modes could be the same mode reflectivity of the PhC mirror considered in the calculations. Due to the same mode reflectivity, the modes that can sustain higher power lase from the device by suppressing all the other lower order modes (mode competition). This can be observed clearly in Fig. 17 , where the lowest order mode, TEM01, starts lasing first and it is suppressed as the next mode, TEM11, starts lasing. Finally the highest order modes TEM12 and TEM41 suppress all the other modes. Due to the same reflectivity used for all the modes for calculations, all the modes start lasing simultaneously.
More accurate PCSEL characteristics can be obtained by considering different PhC mirror reflectivities for individual modes. The reflectivity of the PhC mirror for different modes can be calculated using 2D FDTD simulations. The calculated PhC mirror reflectivities for few modes are presented in Table 2 .
The calculated values for the mode reflectivity of the PhC mirror can be used in analyzing the PCSEL characteristics. Figure 18 shows the LI-characteristics of the PCSEL with type B PhC mirror, when individual mode reflectivities are considered. As expected experimentally, it can be clearly seen in Fig. 18 that the mode with the highest reflectivity (TEM01) starts lasing first and saturates as the current increases. As the first mode saturates the next mode (TEM11) starts lasing. The TEM21 mode starts lasing as the TEM11 mode saturates.
The best PhC mirror that can be used in the PCSEL to enhance the performance of the device can be selected by comparing the reflectivity and the expected output power of the PCSEL. The reflectivities of all the types of PhC mirrors can be analyzed by comparing Fig. 4 Although a higher reflectivity can be achieved for the type A structure with 21 periods, the area occupied by the structure is significantly large. A large area can lead to lower emitted power and higher threshold current. As can be seen from Figs. 5(b) and 6(b), type B structures with decreasing and increasing FFs have a higher reflectivity, which is greater than 98% with 13 periods. Because the type B PhC mirror with increasing FF reaches a high reflectivity with less periods and the lateral losses decrease more rapidly, it could provide a better quantum differential efficiency and lower threshold current. This seems to be the most efficient 1D PhC structure that has been pre- )   TEM01  TEM11  TEM21  TEM02  TEM31  TEM12  TEM41 Total power Fig. 17 . (Color online) LI curve for same mode reflectivity off the top PhC mirror. Due to mode competition close to the threshold current, higher order modes lase. All the modes start lasing at the same time since the same reflectivity for all the modes were considered for calculations. Fig. 19 . The solid curve shows the response of a VCSEL with decreasing FF and 13 periods, and the dashed curve for increasing FF and 11 periods. A larger number of periods will lead to higher lateral losses and worse PCSEL performance. Figure 20 illustrates the steady-state response of the PCSEL device for various reflectivities of the PhC mirror (above 98%). As the reflectivity of the PhC mirror increases the output power increases and the threshold of the PCSEL reduces. If the PhC mirror reflectivity is increased further, the threshold current decreases but the power emitted vertically decreases. Therefore the optimum reflectivity of the PhC mirror of the PCSEL can have is 0.992 (99.2%) and the threshold current is 2.5 mA. Figure 21 shows the PCSEL steady-state response when type B and type C mirrors are used with 5% and 15% fabrication tolerances. As mentioned earlier, introduction of fabrication tolerances of 5% increases the peak reflectivity from about 0.4% leading to a 0.004 increase in the peak reflectivity. As shown in Fig. 21 , the increase in reflectivity reduces the threshold current by 2 mA for both types of PCSELs. It is interesting to note that the output power of PCSEL with type B mirror has reduced with peak reflectivity increase due to 5% fabrication tolerances. This could be mainly due to the very high reflectivity of the mirror. The output power of PCSEL with type C mirror has increased with 5% fabrication tolerances. The introduction of fabrication tolerances of 15% has degraded the performance of the PCSEL with both types of mirrors.
CONCLUSIONS
We have analyzed broadband standard and special (with a variable filling factor and period) 1D broadband photonic-crystal mirrors. A PhC mirror with increasing filling factor can lead to structures with lower lateral losses, but the maximum reflectivity is lower than that which can be obtained with a regular PhC mirror. A PhC mirror with an increasing period (type C PhC) can convert a significant amount of power that would be emitted in the vertical direction in the lateral directions. This may find applications in optical interconnect devices. A PhC mirror with increasing FF (type B PhC) can be used to design efficient PCSELs with low threshold currents. A steady-state analysis has been presented for a few selected cases.
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